Chronic Exercise in Dogs Increases
Abstract Recently, we have shown that chronic exercise increases endothelium-derived relaxing factor (EDRF)/nitric oxide (NO)-mediated epicardial coronary artery dilation in response to brief occlusion and acetylcholine. This finding suggests that exercise can provide a stimulus for the enhanced production of EDRF/NO, thus possibly contributing to the beneficial effects of exercise on the cardiovascular system. Therefore, the purpose of the present study was to examine whether chronic exercise could influence the production of NO (measured as the stable degradation product, nitrite) and endothelial cell NO synthase (ECNOS) gene expression in vessels from dogs after chronic exercise. To this end, dogs were exercised by running on a treadmill (9.5 km/h for 1 hour, twice daily) for 10 days, and nitrite production in large coronary vessels and microvessels and ECNOS gene expression in aortic endothelial extracts were assessed. Acetylcholine (10`to mol/L) dose-dependently increased the release of nitrite (inhibited by nitro-L-arginine) from coronary arteries and microvessels in control and exercised dogs. Moreover, acetylcholine-stimulated nitrite production was markedly enhanced in large coronary arteries and microvessels prepared from hearts E a ndothelium-derived relaxing factor (EDRF), identified as nitric oxide (NO)12 or a closely related molecule,3 is released by the endothelium in response to local hormones, changes in blood flow velocity, or endothelial shear stress. 4 However, the physiologically relevant stimulus for EDRF/NO release in vivo is not known and may reflect the summation of local hormones and blood flow. Evidence supporting the contribution of basally released EDRF/NO to the regulation of vascular tone is derived from experiments showing that specific inhibitors of NO synthase (NOS) elicit a prolonged pressor response and reduce regional blood flows in vivo and inhibit endothelium-dependent relaxations in vitro.5 of dogs after chronic exercise compared with hearts from control dogs. One potential mechanism that may contribute to the enhanced production of nitrite in vessels from exercised dogs may be the induction of the calcium-dependent ECNOS gene. Steady-state mRNA levels for ECNOS were significantly higher than mRNA levels for von Willebrand's factor (vWF, a specific endothelial cell marker) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, a constitutively expressed gene) in The first demonstration that chronic alterations in local blood flow can exert an influence on EDRF/NOmediated responses was shown by Miller and colleagues.6'7 They demonstrated that femoral arteries exposed to prolonged increases in flow (via opening an arteriovenous anastamosis) exhibited enhanced endothelium-dependent relaxations in vitro. In addition, increasing coronary blood flow by chronic cardiac pacing in dogs also enhances endothelium-dependent dilation. 8 Conversely, in experimental models of congestive heart failure, where blood flow is compromised, endothelium-dependent relaxations in vitro and flow-mediated dilation in vivo are depressed.9"10 Collectively, these data suggest that chronic alterations in blood flow can regulate the expression of EDRF/NO-mediated endothelium-dependent dilation.
A physiological stimulus that increases intracoronary exercised dogs were incubated in PBS (500 ,uL) in the absence or in the presence of increasing concentrations of acetylcholine (10-7 to 10-5 mol/L) for 20 minutes at 37°C. In preliminary studies, the accumulation of nitrite in the supernatant was linear for 20 minutes (data not shown). After the 20-minute incubation period, the supernatant was removed and assayed for nitrite, the predominant breakdown product of NO in aqueous solution, via the Griess reaction. Supernatants (500 ,uL) were incubated with acidified sulfanilamide (0.1%, 450 ,uL) and N-(1-naphthyl)-ethylenediamine (0.2%, 50 ,uL) for 10 minutes at room temperature. Nitrite accumulation was monitored spectrophotometrically at 540 nm and compared with sodium nitrite standards. The lower limit of sensitivity of this assay is 0.5 nmol/mL.
Northern Blot Analysis
Aortas (n=5 each, from control and exercised dogs) were perfused with aerated sterile medium 199 plus Hanks' buffer (500 mL) in situ. The ascending and descending segments of thoracic aortas were removed, and endothelial cells were scraped with a scalpel blade (No. 10) into guanidine isothiocyanate as previously described.'6 Total RNA (10 ,ug) (Fig 3) . Discussion The present study demonstrates that chronic exercise in dogs increases the release of L-arginine-derived nitrite from isolated large coronary arteries and microvessels and specifically increases ECNOS gene expression in aortic endothelial cells. These data support the observation that chronic exercise augments hormone-or flow velocity-induced endothelium-dependent dilation of epicardial coronary vessels in conscious dogs.13 More importantly, this is the first demonstration that the ECNOS gene can be regulated in vivo, thereby Z50T providing a potential molecular mechanism for increased epicardial dilation seen with chronic exercise. Our previous work showing that chronic exercise for 7 days13 enhances endothelium-dependent epicardial coronary artery dilation, in response to acetylcholine or brief coronary occlusion, suggested that the production of EDRF/NO was increased. In addition, epicardial dilation in response to nitroglycerin was not enhanced with exercise, arguing against enhanced guanylate cyclase sensitivity. The present study demonstrates that coronary arteries and microvessels isolated from exercised dogs produce more nitrite when stimulated with the calcium-mobilizing agonist acetylcholine, confirming previous in vivo findings. The augmented production of nitrite was not agonist specific, because bradykinin and calcium ionophore A23187 produced similar responses (data not shown). This suggested that enhanced nitrite production was not due to upregulation or increased coupling of endothelial muscarinic receptors.
The equal production of nitrite in large coronary arteries and microvessels (and the increases seen in exercised dogs) suggests that these vessels have the same capacity to generate EDRF/NO. However, because vascular smooth muscle cells account for a larger portion of the vessel wall in large coronary vessels compared with microvessels, the amount of nitrite generated in large coronary vessels is probably an underestimation (when the data are expressed as nitrite per milligram of protein, Fig 1) . Since exercise for 10 days does not influence vascular geometry, the enhanced release of nitrite from large coronary arteries and coronary microvessels from exercised dogs most likely reflects increased ECNOS activity.
Because exercise increases cardiac output and aortic flow velocity (see "Results"), we examined ECNOS gene expression in aortic endothelial cells isolated from the same exercised dogs exhibiting enhanced coronary vascular nitrite production. Steady-state ECNOS mRNA levels were consistently elevated in aortic extracts from exercised dogs (Figs 2 and 3) . The induction was specific, relative to the expression of vWF and GAPDH, demonstrating that inducibility of NOS genes need not be confined to cytokine-responsive isoforms (ie, from macrophages, hepatocytes, and vascular smooth muscle22). Given the molecular differences between ECNOS and cytokine-inducible forms of NOS (50% amino acid identity17) and the lack of cross hybridization between the NOS cDNAs (brain, inducible, and endothelial), the increases in steady-state mRNA levels measured in aortic extracts from exercised dogs reflect upregulation of the ECNOS gene. The increased nitrite production evoked by the calciummobilizing agonist acetylcholine (Fig 1) and upregulation of the ECNOS gene (Figs 2 and 3) are consistent with exercise inducing the calcium-dependent endothelial NOS isoform responsible for the basal production of NO in vivo. 13 The mechanisms by which chronic exercise increases aortic ECNOS gene expression and vascular nitrite release are not known. Exercise is an integrated physiological response that can increase circulating hormones or local autocoids (atrial naturetic peptides, catecholamines, adenosine, and ATP) that may exert an influence on EDRF/NO production.23 However, there is no direct evidence to support the involvement of these substances in the long-term regulation of NO biosynthesis. One potential mechanism consistent with our findings is that exercise increases myocardial oxygen consumption and reduces coronary vascular resistance, thus increasing coronary blood flow velocity." The increased flow velocity will elicit endothelial shear stress, which may increase ECNOS gene expression. There are in vitro data showing that prolonged mechanical deformation of the endothelium by defined shear24 or cyclic stretching25 increases ECNOS, not inducible NOS, gene expression, protein, and activity. Moreover, the presence of myristoylated ECNOS in cellular membranes may permit the enzyme to respond to mechanical deformation of the endothelium.26,27 Whether shearinduced ECNOS gene expression is a direct result of shear per se or shear-induced mediator release (ie, ATP), activation of ion channels, or cytoskeletal rearrangements28 in the above studies or in the present study is not known. In comparison with cytokine-induced transcriptional regulation of immunologically activated forms of NOS (in murine macrophages and human hepatocytes29,30), the nature of exercise-or shear-induced upregulation of ECNOS gene expression is not known at the present time. Interestingly, the recent identification of a shear stress-responsive element in the platelet-derived growth factor promoter31 has also been found in the human ECNOS gene promoter,32 suggesting that shear can transcriptionally regulate ECNOS expression.
The finding that ECNOS mRNA is increased in aortic extracts from exercised dogs is in conflict with the current accepted nomenclature for NOS isozymes. Typically, ECNOS and neuronal NOS are categorized as calcium-dependent "constitutive" enzymes, whereas macrophage NOS, hepatocyte NOS, and smooth muscle NOS are calcium-independent cytokine-"inducible" enzymes. The results of the present study and other studies demonstrating that ECNOS mRNA and protein can be induced by mechanical forces24.25 or downregulated by cytokines (ie, tumor necrosis factor-a24, 33, 34) argue against the use of this nomenclature. We suggest the use of a provisional nomenclature based on molecular differences of the cloned NOS isoforms (ie, neuronal, cytokine-inducible, and endothelial NOS) and not terminology based on calcium sensitivity or subcellular localization. This is supported by the demonstrations that neuronal NOS and endothelial NOS are products of separate genes17,lS83233 and that cytokineinduced forms (macrophage, hepatocyte, and vascular smooth muscle) of NOS are apparently derived from a single gene. 30, 35 In summary, chronic exercise increases acetylcholinestimulated nitrite production in coronary arteries and microvessels and ECNOS gene expression in aortic endothelial cell extracts. The functional significance of our results is not presently known. Perhaps, at rest, the increased production of EDRF/NO may be manifested by reduced platelet and leukocyte adherence to the vascular endothelium. Alternatively, during exercise (for 10 days), EDRF/NO may buffer sympathetic epicardial artery vasoconstriction. Future studies examining these possibilities and the time course, tissue distribution (ie, large vessels, skeletal muscle, and kidney), and reversibility of ECNOS induction after cessation of exercise may provide greater insights into the regulation and importance of NO during exercise training.
